Abstract: Background: Diabetes is an enduring condition that causes impaired, peripheral insulin resistance. Curcumin was shown to exert notable anti-diabetic effects, which might be possible by overexpression of certain glucose transporter genes and glycoprotein content within the cells. Objectives: To investigate the effect of curcumin alone and in concomitant with insulin on glucose translocation from intracellular compartments of nuclear or endoplasmic reticulum membranes into the cytoplasmic membrane (CM) and key kinases involved in insulin signaling pathways. Materials and Methods: C2C12 myoblast cells were cultured and differentiated to the myotubes. Later, the cells were treated with curcumin alone or a combination of curcumin and insulin, so their viability was measured by MTT assay. The expression level of GLUT 4 gene was examined by Real Time-reverse Transcription Polymerase Chain Reaction (qRT-PCR). To evaluate the activity of curcumin and curcumin/insulin synergistic effect on stimulated GLUT4 translocation, kinases AKT, P-AKT, AMPactivated protein kinase (AMPK) and P-AMPK were assessed and detected via Western Blotting (WB). Results: Curcumin significantly induced GLUT 4 expression and its translocation from intra-cell space into the cell surface and showed a synergic effect on GLUT 4
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PUBLIC INTEREST STATEMENT
In this study we demonstrated the tico-treatment of insulin and curcuminin in C2C12 myotubes exerts synergistic therapeutic effect against diabetes, which at least is partially mediated by insulindependentPI3-K/Akt and the insulin-independent AMPK pathways. Also, curcumin improved insulin sensitivity and up-regulated GLUT4 gene expression and glycoprotein movement from the intra cell pool to the cell membrane. Hence due to the developing interest towards AMPK activators as potential therapies for T2DM, curcumin could be preference.
Introduction
GLUT 4 is a unique member of a facilitative glucose transporter gene family, which is expressed at high levels in cells with insulin-stimulated glucose transport activity (Fereshteh Ahmadipour et al., 2012) . Several studies demonstrated that tissue-specific GLUT 4 expression plays a crucial role in normal maintenance of glucose homeostasis (Dugani & Klip, 2005; Saltiel, 2001; Smith & Muscat, 2005) . The skeletal muscles are known to be responsible for more than 75% of glucose consumption in response to the insulin treatment in post-prandial state (DeFronzo et al., 1981; Jarvill-Taylor, Anderson, & Graves, 2001 ).
GLUT 4 is expressed at very high levels in skeletal muscle cells with the highest levels of insulinstimulated glucose uptake (Koumanov, Jin, Yang, & Holman, 2005; Mueckler, 1990) . Under normal plasma glucose conditions, the GLUT 4 isoform is sequestered to the intracellular membrane compartments. In contrast, stimulation by high glucose levels increases GLUT 4 at the cell surface by promoting its translocation from the intracellular GLUT 4 storage compartments, allowing an enhanced glucose transport within the cells (Watson & Pessin, 2001 ). This insulin-induced GLUT 4 translocation accounts for a significant portion of insulin-induced glucose uptake. Any defects in this particular function of insulin in skeletal muscle cells contribute to the insulin-resistant characteristics of T2DM (Koistinen & Zierath, 2002) .
Glucose uptake, a rate-limiting step in glucose metabolism, has been shown to be stimulated in skeletal muscle cells by two distinct pathways. One is directly activated by insulin through insulin receptor substrate 1 (IRS 1)/phosphatidylinositol 3 (PI3-kinase)/Akt signaling (IRS 1/PI3-kinase/Akt) pathway and promotes GLUT 4 translocation from an intracellular pool to the plasma membrane. Whereas, the other is being stimulated by AMP-activated protein kinase (AMPK), a phylogenetically conserved intracellular energy sensor that plays a central role in regulation of glucose and lipid metabolism.
Regardless of current treatments that affect proper blood glucose control, natural compounds seem to approach diabetes in variable routes and degrees Liu, Chen, & Hu et al., 2010) . Preliminary, they would promote glucose transporters and glucose metabolism (Lee et al., 2005) . In between, turmeric is one of the best known and the most consumed spice in the world that contains several chemical compositions; in particular three polyphenolic curcumin oils, of which curcumin (1,7-bis (4-hydroxy 3-methoxy phenyl)-1,6-heptadiene-3,5-dione or diferuloylmethane) is the principal compound with established anti-diabetic effects (Figure 1 ). This compound showed to delay the development of T2DM, improves beta-cell functions and precludes their death, reduces the insulin resistance, hyperglycemia and hyperlipidemia (Jain, Rains, Croad, Larson, & Jones, 2009; Shao et al., 2012) . Besides, curcumin possessed more therapeutic values such as anti-inflammatory, antioxidant, anti-apoptotic, anti-carcinogenic, antiviral and anti-infectious properties (Maheshwari, Singh, Gaddipati, & Srimal, 2006; Rashid, Chowdhury, Ghosh, & Sil, 2017) . Curcumin was shown to augment the specificity and affinity of insulin binding to the insulin receptors, so was capable to retain blood insulin levels (Maheshwari et al., 2006) . In addition, curcumin activated the adenosine monophosphate (AMP) kinase and inhibited glucose-6-phosphatase and phosphoenolpyruvate carboxykinase activities, exhibiting an inhibitory effect on hepatic gluconeogenesis (Pari & Murugan, 2007) . In a pre-diabetic population, curcumin treatment improved overall function of beta cells (Chuengsamarn, Rattanamongkolgul, Luechapudiporn, Phisalaphong, & Jirawatnotai, 2012) and in this way was able to inhibit hepatic gluconeogenesis and regulated the whole-body glucose metabolism (Meghana, Sanjeev, & Ramesh, 2007) . Curcumin was also reported to lower the blood levels of tumor necrosis factor alpha (TNF α), interleukin 6 (IL-6), monocyte chemoattractant protein-1 (MCP-1), glucose and glycosylated hemoglobin in diabetic rats (Jain et al., 2009) . Recently, it was evidenced that curcumin attenuated oxidative stress-induced nuclear factor kappa B (NFκB) mediated inflammatory cytokines, chemokines, adhesion molecules and ERdependent apoptosis in adipocytes in diabetic animals. Its administration increased the activities of antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT), glutathione reductase (GR), glutathione-S-transferase (GST) and glutathione peroxidase (GPx) in the spleen tissue, also suppressed the expression of related inflammatory damages and mitochondrial apoptotic parameters including glucose-regulated protein-78 (GRP78), caspase-12, calpain-1, phosphor c-Jun N-terminal kinase (JNK), phosphor p38 and p53 (Rashid et al., 2017) .
Earlier, we found cinnamon extract enhanced GLUT4 contents in C2C12 cell membrane and facilitated glucose entrance into the cells, while in contrast the level of the transformation was not significant where these cells were exposed to the turmeric water extract Absalan, Mohiti-Ardakani, Hadinedoushan, & Khalili, 2012) .
It is well known that insulin has a major regulatory function in glucose metabolism in various tissues including skeletal muscles and adipocyte by redistributing GLUT 4 from intracellular vesicles to the cell surface. To this end, we hypothesized that whether curcumin alone or in combination with insulin effects on GLUT 4 translocation in membrane fractions of muscle C2C12 cells and also on the other key kinases that deviate in glucose metabolism and/or associated signaling pathways.
Materials and methods

Materials
Akt, AMPK, p-Akt (Ser473), p-AMPK (Thr172) antibodies were purchased from Cell Signaling Technology (MA, USA). Protease and phosphatase inhibitors, commercial curcumin (C7727, Casnumber: 457-37-7), insulin, compound C, dimethylsulfoxide (DMSO), Dulbecco's modified Eagle's medium (DMEM) cell culture media, phenylmethylsulfonyl fluoride (PMSF), Bradford reagent, NaHCO3, sucrose and anti β-actin antibody were obtained from Sigma-Aldrich (USA). Horseradish peroxidase-conjugated secondary antibodies were provided by Jackson Immuno Research Laboratories (PA, USA). Tyrphostin AG 1024 came from Alexis Biochemicals (CA, USA). C2C12 cell line (code No. ATCC: CRL-1772) was purchased from National Cell Bank of Iran, Pasteur Institute, Tehran, Iran. Nitrocellulose membrane was obtained from Millipore (UK). ECL Advance Western immunoblotting kit was purchased from Amersham Inc. (UK). Mouse anti-GLUT4 antibody 1F8 and goat anti-mouse IgG-HRP were obtained from Santa Cruz Biotech (USA). All other reagents were provided of the purest grade available.
Hydro-alcoholic curcumin extract
The extract was prepared as described earlier 2.3. C2C12 primary culture and differentiation C2C12 cells were cultured as the author's previous study . Briefly, 8 × 104 myoblast cells were seeded in DMEM medium containing 4 mmol/l glutamine, 0.025 mol/l glucose, 1 mmol/l sodium pyrovate, 0.018 mol/l NaHCO 3 , 100 U/ml Penicillin G, 100 μg/ml streptomycin and 10% fetal bovine serum (FBS) to nearly confluent. Myoblasts differentiation to the myotubes was induced by addition of DMEM medium supplemented with 2% heat inactivated horse serum (HS). Differentiation medium was replaced each 48 h (22) and the establishment of polynucleotide myotubes was assessed microscopically until day 5 of differentiation induction.
Sample grouping
Sample groups were added to the related culture flasks containing differentiated myotubes 6 days after differentiation initiation and were ordered as; 1) DMEM + 2% HS containing 40 µmolar curcumin; 2) DMEM + 2% HS containing 30 µmolar curcumin; 3) DMEM + 2% HS containing 40 µmolar curcumin + 100 nm insulin; 4) DMEM + 2% HS containing 30 µmolar curcumin + 100 nm insulin; and 5) 1% DMSO treated cells were considered as the control group. All experiments were conducted in triplicates.
Cell viability
The effect of curcumin on cell viability was measured to determine the maximum concentration of curcumin which is not toxic to the cells. The cell morphology was studied by phase-contrast microscopy, and the viability was evaluated with MTT assay. Following the treatment of cells with curcumin, 100 µl of 0.45 g/L, the MTT solution was added to each well of a 96-well culture plate. Cells were incubated at 37°C for 60 min, allowing the color to appear and 100 µl of 20% SDS in DMF: H 2 O (1:1) solution was added to each well to stop the reaction. The plates were then incubated overnight at 37°C to dissolve the formazan products . The metabolized MTT product was quantified by reading the absorbance at 570 nm on a microplate reader.
Real time-reverse transcription polymerase chain reaction (qRT-PCR)
To investigate the molecular mechanisms involved in anti-diabetic activities of curcumin, insulin and their combination in C2C12 cells, the expression level of GLUT 4 gene was examined by quantitative qRT-PCR. In this regard, C2C12 cells were grown for 24 h, trypsinized, centrifuged and pelleted. The pellets were washed three times with sterile PBS for further RNA isolation. Total RNA was extracted with the TaKaRa Fast Pure RNA kit (#TAK-9190) according to the manual guidelines. The concentration of RNA was quantified by Thermo Scientific NanoDrop 2000c UV-Vis spectrophotometer (Thermo Scientific, USA) (Table 2) . Then, the cDNA was reverse transcribed by MMLV Reverse Transcriptase and Oligo (dT) Primers according to the manufacturer's protocol (TaKaRa reverse transcription reagents kit, #6130) at 25°C for 10 min, 50°C for 60 min and 70°C for 15°C (Schmittgen & Livak, 2008) .(El-Moselhy, Taye, Sharkawi, El-Sisi, & Ahmed, 2011). Quantitative qRT-PCR was performed by ABI Step One system and the SYBR® Premix Ex Taq™ reagent (TliRNase H Plus, ≠ RR420A).
The sense and antisense oligonucleotide sequences of GLUT 4 gene were designed as: GLUT4-F:5ʹ-CAACTGGACCTGTAACTTCATTGT-3ʹandGLUT4-R:5ʹACGGCAAATAGAAGGAAGACGTA-3ʹ, and the ones for endogenous gene, β-Actin, wereActin-F:5ʹCGTTGACATCCGTAAAGACCTC-3ʹandActin-R: 5ʹ-AGCCACCGATCCA CACAGA-3ʹ, respectively.
The experiment was carried out in triplicates under RT condition; 10 min at 95ºC, followed by 40 cycles at 95ºC for 15 s and 60ºC for 60 s. The expression level of the target GLUT 4 gene was calculated by using the comparative cycle threshold method (El-Moselhy et al., 2011) , after being normalized to the CT value of the β-Actin housekeeping gene.
Subcellular fractionation
After 3 h exposure to curcumin (40 µM); curcumin (40 µM) + insulin (100 nM) or DMSO; the myotubes were washed with ice-cold phosphate buffer trice (pH 7.4) and were homogenized for 3 min in HES buffer. To obtain crude plasma membrane or N/ER, the homogenate cells were centrifuged (Tortorella & Pilch, 2002 ) and the resulted pellet was homogenized in HES buffer and layered on a buffer (1.12 M sucrose in 20 mM HEPES and 1 mM Na 2 EDTA buffer), 0.2% protease inhibitor cocktail, then centrifuged at 100,000 g for 1 h. The interphase portion was contained plasma membrane particles floating on HCS and the remained pellet was consisting of N/ER particles. Both layers were aspirated and the interphase membrane particles were centrifuged at 40,000 g for additional 20 min to be pelleted. The pellet was re-suspended in PBS (pH 7.4) containing protease inhibitors. N/ER particles were re-suspended in a buffer solution containing protease inhibitor cocktail. All centrifugation steps were performed at 4°C with Beckman Coulter Ultracentrifuge and Type 90 Ti rotor .
WB analysis
Total protein concentrations were analyzed using Bradford reagent and proteins were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) Overall, 100 μg protein was resolved in SDS-PAGE and transferred to polyvinylidene fluoride (PVDF) membranes via electrophoretic transfer system prior to WB analysis. The membranes were blocked using 2% blocking agent for 2 h, while gently shaking. Later, the blotted papers were immersed in blocking agent containing specific primary antibodies (1:200) for 4 h. Primary antibodies were included mouse anti-GLUT 4, p-Akt, Akt, p-AMPK and AMPK as well as mouse monoclonal antibodies to β-actin to observe loading. The membranes were thoroughly washed with PBS, 0.05% Tween-20 (PBS-T) and incubated with goat anti-mouse IgG-HRP conjugated secondary antibodies (1:1000) at 4°C for 4 h (Baeeri et al., 2017) . The blots were exposed to chemiluminescent detection reagents for detection of target antigens. Spots were visualized with ECL-Plus detection kit or Gel documentation and were compared together for percent determination (syngeneGel documentation; www.syngene.com). Data were described as a percent that divided between intervention group and its equal vehicle group.
Akt and AMPK signaling pathway
To evaluate the molecular mechanism of curcumin and insulin-induced synergistic effect on stimulated GLUT4 translocation, the insulin receptor inhibitor AG1024 as inhibitor of Akt kinase and Compound C (Com.C) as an inhibitor of AMPK were studied. C2C12 cells were serum-starved for 16 h. For Akt inhibitor, cells were pretreated with insulin receptor inhibitor AG1024 (60 μM) for 2 h. In AMPK case, 200 mM of Com.C was contacted with myoblasts for 20 min. Thereafter, the medium was replaced with a fresh medium containing 100 nM insulin or 40 µM curcumin for both inhibitors and was stimulated for another 30 min. Cell lysates were analyzed by WB (as described in the previous section) using anti-phospho-Akt, anti-phospho-AMPK, anti-AMPK and anti-Akt antibodies.
Quantifications of bands and statistical analysis
Comparative histograms were plotted in Excel and data were analyzed by SPSS 11.5 software with two independent samples t-test.
Results
Curcumin viability assay
As curcumin concentration was increased, the cell viability was decreased dose-dependently in C2C12 cells. Curcumin appeared to be toxic at higher doses comparing to the DMSO group. Cell viability decreased to 1.5% and 2% at concentration of 200 µg/ml (Table 1) .
Real Time-PCR (qRT-PCR)
To determine the in vitro effect of curcumin and insulin on expression of GluT 4, Quantitative RT-PCR experiment was performed by using Glut4-specific primers. Table 2 shows more than six times fold change the mRNA levels of Glut4 in the cells treated with insulin (100 nM) plus curcumin (40 μM) compared to the controls (P ≤ 0.05). No distinct changes were observed in the expression level of GLUT 4 by either insulin or curcumin (40 μM) treated groups alone or when compared to each other. Relative expression level was quantified based on the cycle threshold (CT) values and normalized against the internal control β-Actin. Each sample was measured in triplicate, and gene expression levels were calculated using the 2-ΔΔct method.
Co-treatment of insulin and curcumin-induced GLUT 4 translocation
Co-treatment of insulin and curcumin increased the plasma membrane abundance of GLUT 4 significantly (P < 0.05). Curcumin and insulin alone could also elevate the GLUT 4 translocation to the membrane (Figure 2 ). Data suggested that there can be a synergistic interaction between curcumin and insulin in GLUT 4 translocation from intracellular space to the cell membrane.
Insulin receptors, Akt and AMPK signaling kinase inhibition
As shown in Figure 3 (a), pretreatment of C2C12 cells with AG1024 has led to the blockage of phosphorylation of Akt at its Ser473 in curcumin (40 μM) + insulin (100 nM) group or without curcumin. Curcumin (40 μM) alone was less effective on p-Akt. The involvement of curcumin in AMPK signaling was indicated by exploring the contribution of AMPK to curcumin stimulated phosphorylation of AMPK, which was significantly attenuated by preincubation of C2C12 cells with Com.C, indicating the participation of the AMPK pathway in curcumin-induced glucose uptake (Figure 3(b) ).
Comparison of the effect of curcumin extracted from curcuma longa and commercial curcumin on the expression of GLUT 4 in C2C12 cells
WB analysis was conducted to compare the effect of the curcumin isolated from Curcuma longa and our experimental commercial curcumin (C.C) on the expression level of GLUT 4 in C2C12 cells.
Comparison of the GLUT 4 arbitrary levels obtained from the extracted curcumin (E.C) (40 µM), C.C (40 µM) and their combination with insulin (100 nM) demonstrated that the GLUT 4 expression level was significantly higher in C.C (both in insulin and non-insulin treated groups) as compared to the E.C groups. Percentage of the GLUT 4 expression level for the samples tested was ordered as; C. C + Ins (88%), E.C + Ins (51%), C.C (32%) and E.C (25%) (Figure 4 ).
Discussion and conclusion
Today, DM is the fastest growing health threat and emerges urgent concerns. The pathogenesis of T2DM and obesity is known to be contributed to inflammation; thus, curcumin, a reputed antiinflammatory compound has been assumed to be a potential source for diabetic and obesity pharmacology (Maheshwari et al., 2006) . A 16-week in vivo study revealed that curcumin treatment significantly reduced the induction of diabetic retinopathy in rats (Gupta et al., 2011) . Oral administration of curcumin to rats fed with a high-fat diet for 75 days lowered hyperglycemia, improved the insulin sensitivity and exhibited an anti-lipolytic effect via attenuating TNF-α and plasma free fatty acid levels (El-Moselhy et al., 2011) . Several studies showed curcumin might promote the GLUT4 genes and glycoprotein contents in muscle cells. To investigate this possibility, our study aimed to perceive if curcumin is capable to modulate the amount of membrane GLUT4. As well, we investigated the synergic effect of insulin and curcumin on GLUT 4 translocation from the intracellular vesicular pool to the membrane in C2C12 muscle cells. We found that curcumin 6. 2333(6.19765-6.3456) and insulin caused overexpression of GLUT4 mRNA in differentiated C2C12 skeletal muscle cells, showing that curcumin can augment the insulin sensitivity by promoting GLUT4 protein translocation to the plasma membrane. In addition, insulin and curcumin combination strongly induced the GLUT4 translocation in these cells, indicating the possible regulatory role of curcumin in glucose metabolism in C2C12cells.
In insulin signaling pathway, AMPK and PI 3-kinase are key molecules that play imperative roles in insulin-stimulated glucose transport and metabolism. Thus, WB analyses of the inhibitors of these kinases indicated that the phosphorylation of both p-Akt (Ser473), p-AMPK (Thr172) were The results are expressed as mean ± S.D for three independent experiments, * P < 0.05; compares each group with its own phosphorylated form. * P < 0.05; as compared with the control value.
inhibited by AG1024 and Com.C, respectively, which clarifies there is a correlation between curcumin-activated glucose metabolism and the insulin-independent glucose transport. Once C2C12 cells were exposed to curcumin and insulin simultaneously, both of the AMPK and PI 3-kinase/Akt pathways were more stimulated, when compared with each one alone. The activation of AMPK induces the recruitment of GLUT4 to the plasma membrane, resulting in up-regulated glucose uptake (Amitani et al., 2013 , Russell III, Bergeron, Shulman, & Young, 1999 ; like those of cacao extract, resveratrol and anthocyanin (Kurimoto et al., 2013; Yamashita, Okabe, & Natsume et al., 2012) . In accordance, we found curcumin stimulated GLUT4 translocation to the plasma membrane and increased glucose uptake in the presence of both curcumin and insulin.
The activation of AMPK and PI3-kinase/Akt pathways by natural compounds has been reported repeatedly, while the detailed mechanism(s) still remains unclear. For instance, berberine and S-allyl cysteine (compounds present in garlic) ameliorated diabetes and obesity via stimulation of AMPK activity; however, the mechanism for AMPK phosphorylation or its upstream signaling has not been verified (Cheng et al., 2006; Hwang et al., 2013; Lee et al., 2006; Baeeri M et al., 2017) . The hypoglycemic effect of isoeugenol, a structurally analog of curcumin, was shown to be exerted through AMPK activation in the skeletal muscle cells. This compound also increased the GLUT4 expression and translocation to the plasma membrane (Kim et al., 2016) . Kang and colleagues showed that curcumin can promote PI3-kinase activation with increased the insulin sensitivity in muscle cells . Also, curcumin stimulated glucose uptake in L6 cells AMPK dependently by the activation of AMPK-p38 MAPK pathways . Current studies suggested that there is a crosstalk between insulin signaling pathways (Kovacic et al., 2003; Park et al., 2007) . In a study, once L6 rat skeletal muscle cells were exposed to the insulin and curcumin simultaneously, the PI3-kinase signaling pathway was activated. Moreover, co-treatment of insulin and curcumin may activate both PI3 and AMP kinases and a possible synergistic interaction between them. On the other hand, such synergistic effect was not perceived in insulin and epigallocatechingallate (EGCG) co-treatment (Jung et al., 2008) . Of note, a very same stimulus may trigger the GLUT4 activation signaling pathways via different mechanisms in different experimental conditions. Another research team has reported EGCG increased GLUT 4 translocation from cytosolic compartments to the cell membrane in L6 cells, which was considered as an AMPK and PI3-K dependent event (Zhang et al., 2010) . In skeletal muscles of mice in vivo condition, procyanidins promoted the GLUT4 translocation through both PI3K/Akt and AMPK dependent signaling pathways, while in L6 cells; it was shown that procyanidins only stimulated the AMPK dependent pathway (Yamashita et al., 2016) . Similarly, it was evidenced that resveratrol activated the Akt pathway in patients with T2DM (Brasnyó et al., 2011) ; while in L6 myotubes, AMPK-dependent pathway was engaged to transfer GLUT4 (Park et al., 2007) . We observed that curcumin increased GLUT 4 contents of the cell membrane in C2C12 myotubes. Consequently, we hypothesize that curcumin may have the same effect alike EGCG on GLUT 4 intracellular compartments movements/translocation and this movement may be PI3-K dependent with a direction from cytosol to the cytoplasmic membrane. In the same manner, the cotreatment of saffron and insulin improved the insulin sensitivity via insulin-independent (AMPK/ ACC and MAPKs) and insulin-dependent (PI3-K/Akt and mTOR) pathways (Kang, Lee, & Jung et al., 2012) . In a similar way, resveratrol and procyanidins (isolated from black soybean) provoked GLUT4 translocation through the activation of AMPK signaling pathways. However, the presence of insulin potentiated the effect of resveratrol on AMPK activation and further stimulated PI3-K/Akt signaling pathway (Park et al., 2007; Yamashita et al., 2016) .
In summary, the current study showed that the co-treatment of insulin and curcumin in C2C12 myotubes exerts a synergistic therapeutic effect against diabetes, which at least is partiallymediatedbytheinsulin-dependentPI3-K/Aktandtheinsulin-independentAMPKpathways. Also, curcumin improved the insulin sensitivity and up-regulated GLUT4 gene expression and glycoprotein movement from the intracellular pool to the cell membrane. Regarding the growing interests towards the AMPK activators as potential therapies for T2DM, curcumin could be a preference. 
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